A major aim of sociogenomic research is to uncover common principles in the molecular evolution of sociality. This endeavor has been hampered by the small number of specific genes currently known to function in social behavior. Here we provide several lines of evidence suggesting that ants have evolved a large and novel clade of odorant receptor (OR) genes to perceive hydrocarbonbased pheromones, arguably the most important signals in ant communication. This genomic expansion is also mirrored in the ant brain via a corresponding expansion of a specific cluster of glomeruli in the antennal lobe. We show that in the clonal raider ant, hydrocarbon-sensitive basiconic sensilla are found only on the ventral surface of the female antennal club. Correspondingly, nearly all genes in a clade of 180 ORs within the 9-exon subfamily of ORs are expressed exclusively in females and are highly enriched in expression in the ventral half of the antennal club. Furthermore, we found that across species and sexes, the number of 9-exon ORs expressed in antennae is tightly correlated with the number of glomeruli in the antennal lobe region innervated by odorant receptor neurons from basiconic sensilla. Evolutionary analyses show that this clade underwent a striking gene expansion in the ancestors of all ants and slower but continued expansion in extant ant lineages. This evidence suggests that ants have evolved a large clade of genes to support pheromone perception and that gene duplications have played an important role in the molecular evolution of ant communication.
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sociogenomics | chemosensation | social evolution | antennal lobe | Formicidae T he field of sociogenomics seeks to understand the molecular basis of sociality, asking how social life evolved and how it is governed at the genomic level (1) . A particularly pertinent question in the field is the role of novel genes vs. conserved genes in the evolution and regulation of social behaviors, including communication (2, 3) . Communication is important to a broad range of organisms, yet relatively little is known about the genetic components of communication systems and how they evolve. A particularly interesting question in the field is how social signals are perceived and what sort of genetic and physiological specializations facilitate signal perception in highly social organisms (4, 5) . In the most tractable sociogenomic models, the eusocial hymenopteran insects, communication is largely chemical, and the genetics and physiology of chemosensation in these species may hold the key to understanding their advanced communication (4, 6, 74) .
Much is already known about the insect chemosensory system in general (8, 9) . Briefly, chemicals are detected by porous sensory hairs (sensilla) located on chemosensory organs such as the legs, wings, palps, and especially the antennae. The sensilla house the dendrites of olfactory and/or gustatory receptor neurons (ORNs/GRNs) with receptor proteins in the olfactory receptor (OR), the gustatory receptor (GR), or the ionotropic receptor (IR) gene families recognizing specific chemicals. ORNs of the antennae pass signals on to the antennal lobes in the brain. Each ORN expresses a single receptor protein, and all receptor neurons expressing a given receptor protein are believed to innervate a single glomerulus (a roughly spherical bundle of neuron terminals) in the antennal lobe based on research in Drosophila melanogaster. In contrast, many different neurons expressing different receptor proteins may innervate the same sensillum (8) (9) (10) .
Most of the research on perception of chemical signals (pheromones) in the eusocial Hymenoptera has focused on sensory anatomy and physiology. Extensive work has investigated the higher level olfactory brain centers of bees, wasps, and ants, finding specializations in olfactory processing that are potentially linked to social communication (5) . At the level of peripheral detection, several studies in ants (Hymenoptera: Formicidae) have identified sensilla types that respond to specific types of pheromones. The trichoid curvata sensilla, for instance, have been shown to respond to volatile alarm pheromones in the ant Lasius fuliginosus (11) . Hydrocarbons are perhaps the most important class of ant pheromones, involved in communicating species, colony, and caste identity as well as reproductive status in a variety of ant species (12) (13) (14) (15) . Renthal et al. (16) posited that the basiconic sensilla detect low volatility pheromones such as the hydrocarbons used to discriminate nestmates and nonnestmates, based on the fact that they have an ultrastructure appropriate for contact chemosensation and are concentrated in the portion of the antennae used to antennate conspecifics in Solenopsis invicta. Now numerous studies have used electrophysiology to confirm that ant basiconic sensilla are responsive to hydrocarbons (17) (18) (19) , as well as a broad range of other odorants (19) . By pharmacologically blocking the obligate odorant receptor coreceptor ORCO, Sharma et al. (19) were able to show that it is specifically odorant receptors in the basiconic sensilla that are sensitive to hydrocarbons.
Significance
Despite the importance of sociality in the evolutionary history of life, its molecular basis is still poorly understood. The role of novel genes vs. conserved genes is particularly hotly debated. Here we present evidence that a group of 180 odorant receptor genes in the clonal raider ant are expressed in neurons that have been shown to detect cuticular hydrocarbons, one of the most important classes of ant chemical signals. We show that these genes underwent a period of rapid gene duplication in the ancestors of ants and now comprise 0.5%-1.5% of all genes in ant genomes. This discovery provides a striking example of the importance of novel genes in social evolution.
In comparison, relatively little is known about the molecular basis of pheromone detection. Although a few studies have sought to implicate various small soluble proteins in pheromone recognition (17, (20) (21) (22) (23) , it seems more likely that these proteins are involved in generic odorant solubilization and play little role in odor coding (24, 25) . The only known hymenopteran pheromone ligand-receptor pair to date is the honey bee (Apis mellifera) queen pheromone 9-ODA and the OR AmelOR11 (26) . Zhou et al. (27) investigated the tuning of several ORs in the ants Harpegnathos saltator and Camponotus floridanus, but only found responses to two general odorants. Evolutionary studies have suggested that one clade of ORs, the so-called 9-exon ORs, are likely involved in important aspects of ant biology (27) (28) (29) (30) . These odorant receptors are particularly expanded in ants relative to other hymenopterans (27) (28) (29) , and many clades within the 9-exon ORs show signatures of strong positive selection (30) . In social Hymenoptera, most social behavior is displayed exclusively by females, and correspondingly, most genes within this group are specifically expressed in females in the ants Harpegnathos saltator and Camponotus floridanus (27) . Based on this evidence, it has been proposed that this subfamily of ORs contains candidate hydrocarbon receptors (27) (28) (29) (30) .
Here we use transcriptomic and neuroanatomical studies of the clonal raider ant Ooceraea biroi (formerly Cerapachys biroi; Fig. 1 ) (31) along with comparative genomic and evolutionary analyses to elucidate the role of ant ORs in social communication. We found that basiconic sensilla are restricted entirely to the ventral surface of the female antenna in the clonal raider ant, allowing us to look at which genes are expressed near basiconic sensilla. As in other ants, 9-exon ORs were largely expressed specifically in females. Furthermore, all but one gene in a large clade within the 9-exon ORs were highly enriched in the ventral half of the antenna, whereas only one non-9-exon OR showed ventral enrichment. Threedimensional reconstructions of the antennal lobes of male and female clonal raider ants and retrograde tracing of ORNs from basiconic sensilla revealed a female-specific expansion in a cluster of glomeruli innervated by basiconic sensilla (the T6 cluster), corresponding to the unusually large number of 9-exon ORs expressed in female clonal raider ant antennae. Comparison with data from Camponotus floridanus (27, 32) showed that the number of glomeruli in the T6 cluster is tightly correlated with the number of 9-exon ORs expressed in the antennae. Evolutionary analyses show that this clade in particular underwent rampant gene expansion in the ancestors of ants, with slower but continued expansion in modern ant lineages. Together, this evidence suggests that genes in this clade within the 9-exon OR subfamily are expressed in basiconic sensilla and may function in contact chemosensation in general and nestmate recognition in particular. The diversification of this clade appears to have been contemporaneous with the evolution of ant eusociality, and arguably provides the most striking example of novel genes playing a role in social behavior identified to date.
Results
Basiconic Sensilla Are Absent from Male Antennae and Restricted to the Ventral Surface of Worker Antennae in the Clonal Raider Ant. To investigate the basic sensory anatomy of the clonal raider ant, we performed light and scanning electron microscopy on male and worker antennae. We found five distinct morphological types of sensilla similar to those described in other ants: bristles/trichoid sensilla (morphologically indistinguishable in the clonal raider ant), trichoid curvata sensilla, ampullaceal sensilla, coeloconic sensilla, and basiconic sensilla (Fig. 2) . Males entirely lack basiconic sensilla ( Fig. 2 A and B) , as in other ants and bees (16, (33) (34) (35) . In contrast, workers possess about 65 basiconic sensilla, all clustered in an array on the anterior-ventral surface of the antennal club ( Fig. 2 C and  D) . Silver staining showed that these sensilla are particularly porous (Fig. 2D) , as described for S. invicta basiconic sensilla (16) . The position of the basiconic sensilla array corresponds to the part of the antenna used to antennate objects, including conspecifics (Figs. 1 and 2 C and D). Although basiconic sensilla are enriched in the anterior-ventral surface in the fire ant (16) , complete restriction of basiconic sensilla to a single surface of the antenna has not been described in other ants (16, 33, 36) . Ampullaceal and coeloconic sensilla are restricted to the dorsal surface of the antennal club in workers and are found in the largest numbers on the dorsal surface of the terminal antennal segment in males. Trichoid curvata sensilla are restricted to the club in workers but show no obvious dorsalventral bias and are distributed across the male antenna. Bristles/ trichoid sensilla are distributed evenly across the antenna in both sexes. However, silver staining showed that porous trichoid sensilla are much more abundant on worker antennal clubs than subsequent flagellar segments (Fig. 2D ).
Genes in a Clade of Odorant Receptors Are Expressed in or near
Basiconic Sensilla. The unique spatial arrangement of basiconic sensilla in the clonal raider ant allowed us to examine whether specific odorant receptors were enriched in expression near basiconic sensilla. We therefore analyzed our previously generated sex-specific and tissue-specific RNA-seq libraries (25) and sequenced mRNA isolated specifically from the dorsal and ventral halves of the antennae. To examine phylogenetic influences on gene expression, these data were mapped onto a phylogeny of all putatively functional clonal raider ant odorant receptors (Fig. 3A) . Nearly all odorant receptors were expressed exclusively in the antennae [339 of 350 genes expressed >2 FPKM (fragments per kilobase per million mapped reads); Fig. 3B ]. Many genes and entire clades of genes showed strong sex-biased and even sex-specific expression (Fig. 3C ). The two most striking examples of sex-biased and sexspecific expression were the entire U subfamily of ORs and a large clade of 180 genes within the 9-exon OR subfamily, which we will refer to as the 9e-α clade. For the U ORs, 38 of 42 genes with detectible expression were specifically expressed in workers, and 3 of the remaining 4 genes were worker biased. For the 9e-α ORs, all but three genes with detectible expression were specific to workers, and the remaining three were strongly worker biased and just over the 2 FPKM detection threshold in males (<2.5 FPKM). RNA-seq of dorsal and ventral halves of the antennal club revealed that all but one 9e-α OR were enriched in expression in the ventral half of the antenna, 165 consistently so in all three biological replicates and 47 significantly so [false discovery rate (FDR) < 0.05; Fig. 3D ]. Five of 27 additional 9-exon ORs were enriched in the ventral half (all consistently enriched, three significantly enriched, FDR < 0.05), and one other OR was nonsignificantly enriched in the ventral half (only in two of three biological replicates, FDR > 0.05). The remaining ORs were all enriched in the dorsal half, 66 being significantly enriched (FDR < 0.05). Intriguingly, the U ORs showed the strongest dorsal enrichment, with all 46 genes consistently dorsally enriched and 38 genes showing significant enrichment (FDR < 0.05; Fig. 3D ).
The Number of T6 Glomeruli Correlates with the Number of Expressed 9-Exon ORs. Odorant receptor neurons from basiconic sensilla project specifically to the T6 cluster of glomeruli in the antennal lobe of the leaf cutter ant Atta vollenweideri (37). We thus examined the olfactory neuroanatomy of male and worker clonal raider ants to test for neuroanatomical correlates of OR gene expression. These data were compared with data from Camponotus floridanus (27, 32) , because no sex-specific antennal RNAseq data are available for A. vollenweideri. Three-dimensional reconstruction of a clonal raider ant worker antennal lobe from confocal micrograph stacks revealed 493 glomeruli divided into seven clusters defined by diverging input tracts, similar to what has been described in other ants (32, 37, 38) (Fig. 4A, Table S1 , and Fig. S1 ). The clonal raider ant male, on the other hand, possessed only 121 glomeruli, even fewer than other ant males (32, 38) (Fig. 4B, Table S1 , and Fig. S2 ). As in both Camponotus and Atta, the largest cluster by far in the worker antennal lobe was the T6 cluster, located anterior medially (n-caudal medially). To confirm that this cluster was indeed innervated by ORNs from basiconic sensilla, as described in Atta vollenweideri, we performed retrograde staining of ORNs from ventral sensilla and dorsal sensilla (Fig. 5) . Stained ORNs from ventral sensilla (including basiconic sensilla) innervated the entire antennal lobe cluster, including anywhere from 11 to >100 glomeruli in the T6 cluster (median = 25; Fig. 5A ). ORNs from dorsal sensilla (excluding basiconic sensilla), on the other hand, projected predominantly to the T1-5 clusters and to only zero to five T6 glomeruli (median = 3; Fig. 5B ). A Mann-Whitney u test confirmed that significantly more T6 glomeruli were innervated by ORNs from ventral sensilla (u = 0, P = 0.0079, n = 10). We also measured fluorescence intensity as an alternate quantification approach, and this likewise showed significantly higher relative fluorescence in the T6 cluster following staining of ORNs from ventral sensilla compared with staining of ORNs from dorsal sensilla (Mann-Whitney u test, u = 0, P = 0.0079, n = 10). No glomeruli clearly assignable to the T7 cluster were stained in any preparation.
The T6 cluster of glomeruli is particularly large in clonal raider ant workers, corresponding to the expansion in 9-exon odorant receptors (Table S1 ). Comparison with data from C. floridanus (27, 32) showed that the number of T6 glomeruli is strongly correlated with the number of putatively functional 9-exon OR genes expressed in the antennae (Pearson's r; R 2 = 0.97, P = 0.015; Fig. 6 ). However, this relationship is not one-toone, as there are usually more T6 glomeruli than putatively functional 9-exon ORs. The OR gene repertoire has expanded more than threefold in the ancestors of ants (27, 31, 39) . However, evolutionary histories of individual gene lineages have not been systematically investigated. We constructed a maximum-likelihood gene tree and parsimoniously reconciled the 70% bootstrap consensus gene tree with the species tree to analyze birth and death dynamics in OR genes using Notung (40). We recovered a tree topology and family-wide birth and death rates similar to Zhou et al. (27) (Datasets S1 and S2 and Fig. 7A ). Notably, we found a high expansion rate along the branch leading to ants (Fig. 7A) . The 9e-α clade was recovered as an aculeate-specific clade with 99% bootstrap support (Dataset S1). The consensus topology was consistent with the 9e-α clade being derived from a single gene in the most recent common ancestor (MRCA) of ants and bees, with a most parsimonious scenario of three 9e-α genes in the ant/ bee MRCA, and a maximum of 26 genes. We divided odorant receptors into 53 groups that were consistent with being descended from single genes present in the MRCA of ants and bees (at ≥70% bootstrap support; Dataset S1). Analysis of birth and death rates of these groups showed that the 9e-α clade has exceptionally high gene birth rates but not particularly high gene death rates (Fig. 7B) . The peak of expansion in the 9e-α ORs occurred in the ancestors of ants, with slower but continued expansion in subsequent lineages (Fig. 7C ).
Discussion
The unique morphology of the clonal raider ant antenna, with all pheromone-sensitive basiconic sensilla restricted to the ventral half of the female antennal club, allowed us to examine associations between sensilla types and odorant receptor gene expression. We found a large clade of odorant receptors within the 9-exon OR subfamily, the 9e-α ORs, that were expressed nearly exclusively in female antennae and showed strong ventral-biased expression within the antennal club. We also found that the number of 9-exon ORs expressed in the antennae strongly correlates with the number of glomeruli in the antennal lobe cluster innervated by ORNs from basiconic sensilla, the T6 cluster. This correlation provides further evidence that 9e-α ORs are expressed in basiconic sensilla. Evolutionary analyses indicate that 9e-α ORs have expanded from a few genes, and possibly a single gene, in the MRCA of ants and bees to as many as 180 genes in extant ants. Our results suggest that expansion within the OR genes has been important in shaping ant social evolution by providing ants with a large number of OR genes that are expressed in basiconic sensilla and potentially detect cuticular hydrocarbons and other low-volatility chemicals.
Genes for Hydrocarbon Recognition. Ants are known to produce more than 1,000 different hydrocarbons that can be involved in social communication, ranging from nestmate recognition, species discrimination, task allocation, to reproductive signaling (12) (13) (14) (15) 41) . Discovering the molecular basis for hydrocarbon recognition has thus been a priority of the research community (4) . Electrophysiological studies have pinpointed the neurons involved in hydrocarbon detection, showing that they are housed in female-specific basiconic sensilla (17) (18) (19) . Meanwhile, 9-exon ORs have been proposed as candidate hydrocarbon receptors based on evolutionary studies (27) (28) (29) (30) . Here we integrate these previous findings by showing that genes in a clade within the 9-exon ORs, the 9e-α ORs, are nearly all female specific and biased in expression toward the ventral half of the antennal club in the clonal raider ant (Fig. 3) , which contains all of the basiconic sensilla (Fig. 2) . The three 9e-α ORs we did detect in male antennae were just barely above our detection threshold of 2 FPKM, and we suspect that they were spuriously classified as being expressed. Only a single OR outside the 9-exon subfamily showed any ventral bias, and this was inconsistent across biological replicates (two of three), suggesting that 9-exon ORs may be the only ORs expressed in basiconic sensilla in the clonal raider ant. Five of 26 9-exon ORs outside the 9e-α clade were ventrally enriched, all consistently so and three significantly so. These findings suggest an evolutionary scenario where a few 9-exon ORs were expressed in the basiconic sensilla of the solitary ancestral aculeate wasps, facilitating primitive hydrocarbon distinction, likely for prey or mate recognition, with one lineage then expanding in the ancestors of ants to form the 9e-α clade. 
Kelber et al. (37) traced
ORNs from individual sensilla in the leaf cutter ant Atta vollenweideri to show that all ORNs originating in basiconic sensilla terminate in the anterior-medial (n-caudal-medial) cluster of glomeruli designated as the T6 cluster. Our stainings of ORNs from ventral and dorsal sensilla support the projection of basiconic sensilla ORNs to T6 glomeruli (Fig. 5) . We further found a strong correlation between the number of T6 glomeruli and the number of putatively functional 9-exon ORs expressed in the antennae, providing additional evidence that 9-exon ORs are expressed in basiconic sensilla (Figs. 4 and 6). In most cases, the number of T6 glomeruli was higher than the number of putatively functional 9-exon ORs, which contrasts with the expectation of one receptor-one glomerulus based on Drosophila melanogaster (10). However, the entire antennal lobes of both C. floridanus and O. biroi have more glomeruli than expressed putatively functional canonical chemosensory genes (refs. 27 and 32 and this study). This discrepancy could be due to ORNs expressing genes classified as pseudogenes still projecting to unique glomeruli, or due to genes missing from the current draft genome assemblies (as discussed in refs. 27 and 42). It should be noted that the described correlation is based on all 9-exon OR genes and not just 9e-α genes or those ventrally biased in our gene expression data, i.e., it probably includes some genes that are expressed in other sensilla types. This is consistent with the finding of Kelber et al. (37) that some ORNs from trichoid curvata sensilla also project to the T6 cluster.
Gene Expansion and Social Evolution. A long-standing debate in the field of sociogenomics is the importance of conserved genes vs. novel genes in social evolution (2, 3) . Researchers have tried to address this question primarily by either looking for signatures of positive selection associated with the evolution of sociality (43, 44) or by looking for genes that are differentially expressed between different morphological and behavioral castes (45, 46). An alternative approach is to find genes with specific functions in social behavior and to examine their evolution. However, this undertaking has been difficult because functional genetics in social insects is still in its infancy. Here we present evidence suggesting that a specific clade of genes is involved in an important aspect of social communication in ants: the detection of hydrocarbons. Based on this finding, we then examined the course of evolution of these genes using comparative genomics and phylogenetic methods. We find that a single lineage of OR genes, the 9e-α lineage, has undergone massive expansion in the ancestors of ants, with continued expansion in subsequent ant lineages ( Our findings, taken together with those of previous evolutionary studies (31, 39) , suggest that dynamic gene family evolution, including gene expansion and sequence evolution, has played an essential role in the evolution of ant communication and sociality. This discovery provides further evidence for the importance of chemical communication in ant biology, as well as a striking example of the role of novel genes in the evolution of social behavior.
Methods
Antennal morphology procedures largely followed Renthal et al. (16) and Navasero and Elzen (47) and are detailed in SI Methods. Gene expression was analyzed using Tophat, Cufflinks, and Cuffdiff (48-50). Details of the RNA-seq experimental setup and analysis are given in SI Methods. Brain anatomy was investigated by confocal laser scanning microscopy of stained and autofluorescent tissues with analyses in the Fiji distribution of ImageJ (NIH) (51). These procedures and analyses are described in detail in SI Methods. New gene annotation followed Oxley et al. (42) and new annotations are provided in Datasets S3 and S4. Phylogenetic analyses were conducted with RAxML (52), and birth and death rates were calculated by parsimoniously inferring birth and death events along reconciled gene and species trees using Notung (40). Details of these analyses are also given in SI Methods. All other statistics were performed in R (53). Coordinates in the text and figures are given in body axis, with neuroaxis coordinates in parentheses.
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For scanning electron microscopy of antennae, whole heads were fixed in 4% (wt/vol) formalin in sodium cacodylate buffer, washed 3 × 5 min in deionized water, serially dehydrated in ethanol, and then mounted on carbon tape at various angles and sputter coated with 1-2 nm gold-palladium. Imaging was performed on a ZEISS LEO 1550 scanning electron microscope.
Gene Expression. Tissue-and sex-specific gene expression data were obtained from McKenzie et al. (25) . This study included one male antennal library and one female antennal library for the sexspecific analysis, as well as three libraries for each female tissue type examined [antennae, heads (minus antennae), bodies (thoraces and abdomens), and legs]. For gene expression of ventral vs. dorsal halves of the female antennal club, antennae were dissected from cold-anesthetized ants and positioned for cutting inside a droplet of OCT (optimal cutting temperature) medium (TissueTek) on an inverted Petri dish. A plaster insert that had been chilled on dry ice was then placed under the sample, freezing the OCT. The embedded antennal club was then split and separated from the antenna by hand using a cryostat razor blade under a dissecting microscope. To test the accuracy of this procedure, 10 antennae were silver stained and split following this protocol, and both halves imaged as described above. For sequencing, each antennal club half was immediately transferred to cold TRIzol reagent (Life Technologies) following dissection. Samples were then homogenized using a TissueLyser II (Qiagen), and the aqueous phase was recovered using Phase Lock columns (5Prime) and purified using the RNeasy kit (Qiagen) following the manufacturers' protocol. Libraries were then constructed using the Clontech SMART kit and sequenced on an Illumina HiSeq2500. We pooled 20 antenna halves per library, and sequenced two libraries (one dorsal half and one ventral half) for each of three biological replicates (one per clonal lineage; MLL1, MLL4, and MLL6 in ref. 50). All libraries were run on a single HiSeq2500 lane, generating 38-43 million single-end 100-bp reads per library. Reads were aligned to the O. biroi reference genome (assembly V3.0) using Tophat (48) with prealignment to OGS 1.8.6 (42). Cufflinks (49) was then used to quantify gene expression, and CuffDiff (50) was used to test for significant differences in expression. RNAseq reads are deposited in the National Center for Biotechnology Information sequence read archive (Bioproject accession no. PRJNA345039).
Neuroanatomy. For visualization and 3D reconstruction of the female antennal lobe, brains were dissected in PBS, pH 7.4, fixed in 1% glutaraldehyde in PBS solution for 7 d at room temperature, washed in PBS (three times for 10 min), and dehydrated in an ascending series of ethanol [30%, 50%, 70%, 90%, 95%, and 2 × 100% (vol/vol); 10 min each step]. Finally, brains were cleared in methyl salicylate (M-2047; Sigma Aldrich). The antennal lobe was imaged by using a Zeiss LSM 710 confocal microscope, with individual glomeruli visualized by autofluorescence. Males are produced exceedingly rarely in O. biroi (54), and we were unable to obtain a male brain for preparation in the same manner as the female brains. We thus used a phalloidin-stained male brain previously prepared for a separate experiment. The male brain was dissected in cold PBS, pH 7.4, fixed by incubation in 4% (wt/vol) paraformaldehyde solution in PBS overnight, washed in PBS and 0.5% Triton-X at room temperature (3 × 20 min), incubated in 1% BSA in PBS for 30 min, washed in PBS 0.01% Tween for 5 min, incubated overnight with a primary antibody containing solution in 1% BSA and 0.5% Triton-X in PBS solution, washed with PBS Tween (3 × 10 min), incubated with a secondary antibody solution containing Alexa Fluor 555 phalloidin (Thermo Fisher Scientific) 1 μL (of stock solution 6.6 μM) in 100 mL of 1% BSA and 0.5% Triton-X in PBS solution for 2 h, washed five times in PBS, and mounted with Dako mounting medium. The antennal lobe was imaged using a Zeiss LSM 710 confocal microscope. Only the phalloidin staining was analyzed in this paper.
Glomeruli were reconstructed from image stacks of a representative female and male brain by manually outlining each glomerulus in the segmentation editor of the Fiji distribution of ImageJ (NIH) (51). Glomeruli were sorted into input tracts by following input fibers through focus stacks. In some cases innervating input tracts were unclear and we then relied on visible segregation and clustering of glomeruli. Assignment of glomeruli on the borders of the clusters is thus likely imprecise, especially for input tracks T1, T3, and T4. In the female, a visible sulcus separated the T5 and T6 clusters from the remaining clusters; thus, the separation of T6 glomeruli was clear except for a few glomeruli bordering the T5 cluster. These glomeruli were assigned to the T5 cluster to provide a conservative estimate of T6 glomeruli numbers. In the male, T6 glomeruli were visibly separated from the remaining glomeruli in 3D renderings.
Tracing was performed by immobilizing ants at 4°C in viscoelastic liquid silicone (Silly Putty) with one antenna stretched out against double-sided tape. Either the dorsal or the ventral surface of the antennal club was then scraped with a razor to break sensilla, and then a drop of microruby (rhodamine dextran with biotin, 3,000 MW, D7162; Thermo Fisher Scientific) in distilled water was applied over the scraped area. Ants were incubated like this at 4°C in a humid box for 15 min and then allowed to move freely in a humid dish for 8-12 h at room temperature. Brains and antennae were then dissected, and the antennae were visually inspected to confirm sensilla breakage. Brains were then fixed in 4% (wt/vol) paraformaldehyde for 4 h, dehydrated in an ascending ethanol series (50%, 70%, 90%, 95%, and 3 × 100% (vol/vol)], cleared and mounted in methyl salicylate, and imaged as described above. Innervated glomeruli were counted manually from the confocal image stacks. Fluorescent quantification was performed using the MeasureStack pluggin in ImageJ. Fluorescence of each ipsilateral antennal lobe compartment was normalized to the entire contralateral antennal lobe to account for baseline fluorescence. Odorant receptors from Solenopsis invicta, Atta cephalotes, and Acromyrmex echinatior were manually annotated as part of the current study following Oxley et al. (42) . Briefly, genomes were downloaded from hymenopteragenome.org, and existing OR protein sequences from other ant species aligned to the genomes using Exonerate (56) and tblastn (57). Models were then constructed manually in the Apollo genome editor (58), guided by alignment evidence, and visually compared with other models using Muscle alignment (59) when necessary. Protein sequences for all newly annotated genes can be found in Dataset S3, and gff3 lines for the annotations are in Dataset S4. For all ant species, nonpseudogenized sequences were aligned by OR subfamily (sensu 27) using the Mafft algorithm (version 7) with linsi parameter settings (local pairwise alignment, maximum of 1,000 iterations, all other parameters default) (60). Then all subfamily alignments were profile aligned by using the Mafft seed alignment algorithm, again using the linsi parameters.
For copy number analyses, pseudogenes were added to the previously described alignment with the Mafft add algorithm with linsi parameters. A maximum likelihood phylogenetic hypothesis was then constructed using RAxML default tree search algorithm with the LG model of protein evolution (61) and gamma-distributed substitution rates. Node support was tested using the RAxML rapid bootstrap algorithm (62) with 100 rapid bootstrap replicates.
Existing
g., computational analysis of gene family evolution (CAFE)] (63) or are computationally infeasible for such large gene expansions (e.g., jprime delirious) (64). We thus reconstructed birth and death events by calculating the most parsimonious reconciliation of the gene tree with the species tree using Notung (v2.8.1.7) (40). Because many nodes of the gene tree are poorly resolved, we used a 70% bootstrap consensus gene tree resolved using Notung's "resolve" algorithm, with duplication and loss costs set to defaults. Birth and death event counts are therefore conservative estimations. Ant species relationships in the species tree followed Brady et al. (65),and the BEAST-estimated topology of Moreau and Bell (66). Birth, death, and net expansion rates were calculated as the number of times the repertoire has doubled (birth and net expansion rates, calculated including or excluding lineages that subsequently went extinct, respectively) or halved (death rate) along a branch or set of branches divided by branch length. Thus, the birth rate along a specific branch is calculated as log 2 ððparent node repertoire + duplicationsÞ= parent node repertoireÞ=branch length.
Aculeate divergence times were taken from Moreau and Bell's divergence dates using their BEAST estimated tree topology (66), whereas the Nasonia-Aculeata divergence time followed Ronquist et al. (67). In Atta, glomeruli numbers are from A. vollenweideri workers, whereas gene repertoires are from the A. cephalotes genome. Gene repertoire sizes in the first row for each species represent the number of genes in the genome, with the number of putatively functional genes followed by the number including pseudogenes in parentheses. Repertoire sizes for each sex in O. biroi and C. floridanus represent the number of genes expressed at >2 FPKM in the antenna of the respective sex, again with the number of putatively functional genes followed by the number including pseudogenes in parentheses. Information on the expression levels of pseudogenes was not available in C. 
